The profound role of vascular dysfunction in ischaemic stroke and the vascular-specific expression of genes that are mutated in individuals with neurological diseases illustrate the critical importance of vascular health for brain function 1,2 . The brain vasculature harbours a unique specialization-the blood-brain barrier (BBB)-that is necessary for neuronal function 3,4 but represents a hurdle for the pharmacological treatment of brain diseases 5, 6 . While specialization of the vascular endothelium is known to be a key feature of the BBB, the contribution of vascular mural cells (pericytes and smooth muscle cells (SMCs)) and vessel-associated cell types such as astrocytes is less clear. The brain vasculature displays an arteriovenous hierarchy similar to those of other vascular beds. Differences in blood flow, pressure and chemical composition are paralleled along the arteriovenous axis by morphological and functional differences, such as junction structure and permeability, that have been elucidated using electron microscopy 7, 8 . Systematic efforts to unravel the molecular basis of vascular arteriovenous specialization have, to our knowledge, not been undertaken, and only a handful of endothelial arteriovenous markers have been identified in various species, organs and developmental stages [9][10] [11] [12] [13] . Mural arteriovenous differentiation involves distinct cellular morphologies ranging from the multiple-layered SMC coats of large arteries to the singular, longitudinally oriented or stellate pericytes of capillaries and venules. However, as for endothelial cells, the molecular underpinnings of these differences are largely unknown. Whereas the contractility of vascular SMCs is crucial for the regulation of blood pressure and flow, the physiological role of pericytes is unclear 14 . Pericyte identification is problematic owing to a lack of specific markers 14 , and criteria for pericyte definition remain debated 15 . Considering the vast medical and pharmacological importance of the brain vasculature and the lack of a molecular understanding of its constituent cell types, we set out to transcriptionally profile the principal cell types of the brain vasculature using single-cell RNA sequencing (scRNA-seq).
The profound role of vascular dysfunction in ischaemic stroke and the vascular-specific expression of genes that are mutated in individuals with neurological diseases illustrate the critical importance of vascular health for brain function 1, 2 . The brain vasculature harbours a unique specialization-the blood-brain barrier (BBB)-that is necessary for neuronal function 3,4 but represents a hurdle for the pharmacological treatment of brain diseases 5, 6 . While specialization of the vascular endothelium is known to be a key feature of the BBB, the contribution of vascular mural cells (pericytes and smooth muscle cells (SMCs)) and vessel-associated cell types such as astrocytes is less clear. The brain vasculature displays an arteriovenous hierarchy similar to those of other vascular beds. Differences in blood flow, pressure and chemical composition are paralleled along the arteriovenous axis by morphological and functional differences, such as junction structure and permeability, that have been elucidated using electron microscopy 7, 8 . Systematic efforts to unravel the molecular basis of vascular arteriovenous specialization have, to our knowledge, not been undertaken, and only a handful of endothelial arteriovenous markers have been identified in various species, organs and developmental stages [9] [10] [11] [12] [13] . Mural arteriovenous differentiation involves distinct cellular morphologies ranging from the multiple-layered SMC coats of large arteries to the singular, longitudinally oriented or stellate pericytes of capillaries and venules. However, as for endothelial cells, the molecular underpinnings of these differences are largely unknown. Whereas the contractility of vascular SMCs is crucial for the regulation of blood pressure and flow, the physiological role of pericytes is unclear 14 . Pericyte identification is problematic owing to a lack of specific markers 14 , and criteria for pericyte definition remain debated 15 . Considering the vast medical and pharmacological importance of the brain vasculature and the lack of a molecular understanding of its constituent cell types, we set out to transcriptionally profile the principal cell types of the brain vasculature using single-cell RNA sequencing (scRNA-seq).
Cell classes of the brain vasculature
We used a set of transgenic reporter mice to capture all major vascular and vessel-associated cell types from the adult brain (Fig. 1a) . Single cells were sorted into 384-well plates (Extended Data Fig. 1a ) and profiled using SmartSeq2 16 . About 3,500 single cell transcriptomes were clustered using the BackSPIN clustering algorithm 17 and annotated (Extended Data Fig. 1b-m) , leading to the cluster map shown in 17, 19 and two types of fibroblast-like cells (Extended Data Fig. 2b-d ).
Endothelial arteriovenous zonation
Gradual cellular phenotypic changes along an anatomical axis are referred to as cellular 'zonation' 20 . Three of the endothelial clusters (venous (vEC), capillary (capEC) and arterial (aEC)), containing a total of 1,100 endothelial cells, showed a biased distribution of known arteriovenous markers and were re-ordered by SPIN (sorting points into neighbourhoods) into a single one-dimensional range. We found Article reSeArcH 4 7 6 | N a T u r e | V O L 5 5 4 | 2 2 f e b r u a r y 2 0 1 8 that known arterial [9] [10] [11] [12] (Bmx, Efnb2, Vegfc and Sema3g) and venous 13 (Nr2f2) markers peaked at opposite ends of this range (Fig. 2a) , with gradual changes in expression that suggested zonation. A total of 1,798 transcripts were significantly differentially expressed across the range (Supplementary Table 1) , with the 500 most significant ones (Supplementary Table 2 ) distributed into six patterns with putative arterial, venous or capillary predominance, or combinations thereof (Fig. 2b) . Again, the nested patterns of gradually changing gene expression in the cells across the range were indicative of cellular zonation. To confirm that the SPIN range represented a cell order matching the arteriovenous axis, we analysed the tissue expression of eight selected markers. Bmx was confirmed as a brain arterial marker using BmxlacZ mice (Extended Data Fig. 3a) . Mfsd2a, encoding a BBB-specific lipid transporter 21 , peaked at the middle of the SPIN range (Fig. 2a) , matching the concentration of MFSD2A protein in capillary endothelial cells (Fig. 2c, d and Extended Data Fig. 3b) . Tfrc (encoding the transferrin receptor (TFRC)) peaked in the middle-left part of the SPIN range (Fig. 2a) , matching the TFRC staining of capillaries and veins, but not arteries (Fig. 2c, d and Extended Data Fig. 3c ). Similar correlations were found between the expression of Vwf, Vcam1 (artery and vein, but not capillary) and Slc16a1 (capillary-venous) transcripts and the localization of the corresponding proteins von Willebrand factor (VWF), vascular cell adhesion molecule 1 (VCAM1) and solute carrier 16a1 (SLC16A1) to different vessel types (Fig. 2a, c, d and Extended Data Figs 3d, 4a, b). In addition, RNA in situ hybridization (ISH) was used to localize Gkn3 and Slc38a5 expression to arteries and veins, respectively, consistent with the SPIN distribution ( Fig. 2a and Extended Data Fig. 4c-e) . The arteriovenous zonation of these transcripts was also consistent with ISH data deposited in the Allen Brain Atlas 22 , which also validated the zonal expression of Slc6a6 and Slc7a5 (Extended Data Fig. 5) . Collectively, the gradual changes in expression and nested expression patterns of groups of genes across the SPIN range suggest that endothelial arteriovenous zonation represents a seamless continuum of transcriptional states (schematically illustrated in Extended Data Fig. 6a) .
As examples of how specific gene or protein classes distribute along the arteriovenous axis, we found zonal and nested distribution of 120 transcription factor transcripts and 145 transmembrane transporter transcripts (Extended Data Fig. 6b, c) , providing insight into transcriptional regulation of arteriovenous zonation and how this results in endothelial specialization. We noted a particular difference in distribution: whereas transcription factors were overrepresented at arterial locations, transporters dominated in capillaries and veins, indicating a concentration of BBB-associated trans-endothelial molecular transport functions at the latter locations.
BackSPIN also assigned endothelial cell clusters that fell outside the arteriovenous zone. These clusters (EC1-EC3) (Fig. 1b) showed high expression of ribosomal protein transcripts of the Rpl and Rps classes, suggesting that these cells are (more) active in protein synthesis. Whether EC1-EC3 cells are located in a specific brain region or distributed evenly across brain regions is currently unclear. The presence of arteriovenous markers in all EC1-EC3 clusters suggests that these cells are distributed across all vessel types.
Mural arteriovenous zonation
To study mural cell zonation, we first compared the distribution of known mural cell transcripts across the BackSPIN clusters with the corresponding protein expression in situ. Cnn1, which was specific to the arterial SMC (aSMC) cluster (Fig. 3a) , matched the localization of CNN1 (calponin 1) protein to arteries with diameters larger than 13 μ m ( Fig. 3b and Extended Data Fig. 6d ). Acta2 and Tagln, which were highly expressed in the aSMC and arteriole (aa)SMC clusters (Fig. 3a) , matched the expression of α -smooth muscle actin (ACTA2) and smooth muscle protein 22-α (TAGLN) in arteries and arterioles with diameters larger than 8 μ m (Extended Data Figs 6d, 7a). Expression of Acta2 and Tagln was weak in the venous (v)SMC cluster and almost absent from the PC (pericyte) cluster, consistent with weak staining for ACTA2 and TAGLN in large veins and undetectable levels in capillaries and venules (Extended Data Fig. 7a ). The broad distribution of Cspg4 and Pdgfrb across all mural clusters (Fig. 3a) correlated with the broad expression of DsRed driven by the Cspg4 promoter (Cspg4-DsRed) and GFP driven by the Pdgfrb promoter (Pdgfrb-GFP) across all vessel types (Extended Data Fig. 7b) . Consistent with the mouse data, we found zebrafish tagln:EGFP predominantly in brain arteries and arterioles, whereas pdgfrb-driven GFP was detected in all vessels (Extended Data Fig. 8a ), suggesting that mural cell zonation has been evolutionarily conserved. Consistent with the specific expression of Abcc9 in the mouse PC and vSMC clusters, the newly established zebrafish line TgBAC(abcc9:Gal4FF) showed specific labelling of brain mural cells in capillaries and veins ( Fig. 3b and Extended Data Fig. 8b) . Figure 3c illustrates the distribution of the 1,708 most variable mural transcripts (Supplementary Table 3 ) across 1,385 mural cells arranged by SPIN. Notably, the order of mural cell types according to transcriptional relatedness (PC-vSMC-aaSMC-aSMC) did not match the anatomical organization along the arteriovenous axis. Moreover, hierarchical clustering indicated two predominant gene expression patterns: one cluster of transcripts that was expressed highly in the PC and vSMC clusters but at low levels in the aaSMC and aSMC clusters, and another cluster of transcripts with the opposite pattern. This suggests that there are two distinct subclasses of mural cells ( Fig. 3c and Extended Data Fig. 6e ): one in which pericytes occur in a continuum with vSMC through gradual loss of PC markers and acquisition of (low levels of) SMC markers, and the other in which aaSMCs are in continuum with aSMCs through the progressive acquisition of aSMC markers. The abrupt transition from aaSMCs to pericytes at the arteriole-capillary boundary is illustrated when the expression of the 1,708 genes are plotted in the correct arteriovenous order (Fig. 3d) the transition from aaSMC to pericyte takes place between one cell and the next at this location (Extended Data Fig. 6f ). These data indicate that mural cell arteriovenous zonation is punctuated into two separated phenotypic continua, in contrast to the single arteriovenous continuum of endothelial cells. The zonal distribution of transcription factors and transporters in mural cells (Extended Data Fig. 7c, d ) implies that there are gene regulatory and physiological differences between mural cell categories, and the numerous pericyte-enriched novel transcription factors will be interesting targets for future analysis. Notably, aSMCs were enriched for expression of immediate early genes (IEGs), including Fos, Fosb, Jun, Junb and Egr1 (Extended Data Fig. 7e ), which may reflect a rapid (within minutes) response of aSMCs to removal of natural physical conditions such as high shear and pressure. It was recently reported that the dissociation of muscle stem cells induces an IEG response 23 , demonstrating that this may be a common confounder in single cell analysis.
Brain pericytes molecularly defined
The 1,088 transcriptomes of the PC cluster provide an opportunity to molecularly define the brain pericyte. Closer analysis revealed that the vast majority (about 99%) of pericytes were free from contamination by any of the other analysed cell classes. The remaining roughly 1% of the pericytes contained canonical endothelial transcripts at 5-10% of their average levels in endothelial cells (Extended Data Fig. 9a ). We assume that these pericytes were contaminated by endothelial cell fragments remaining attached to the pericytes during isolation. Using protocols in which cell dissociation conditions were deliberately relaxed, we found abundant endothelial-pericyte transcript contamination (data not shown). This type of contamination is also noticeable in previously published data 17, 24 . The non-endothelial-contaminated population of pericytes did not form obvious subclusters, and a manual gene search of the BackSPIN data did not reveal the existence of brain pericyte subtypes. A distinguishing criterion for the PC cluster was absent (or extremely low) Acta2 expression. The lack of ACTA2 signal in venules suggests that capillaries and venules harbour transcriptionally indistinguishable pericytes. The distribution of abcc9 in zebrafish ( Fig. 3b and Extended Data Fig. 8b ) further supports this notion.
The lack of heterogeneity among pericytes in the brain prompted us to investigate possible heterogeneity between organs. For a first insight into pericyte organotypicity, we identified pericytes in the adult lung of Pdgfrb-GFP mice as strongly GFP-positive cells located on alveolar capillaries (Fig. 4a ) and isolated these cells for scRNA-seq. Altogether, about 1,500 lung cells were sequenced and clustered by BackSPIN. In addition to pericytes, we isolated and annotated endothelial cells, SMCs and fibroblast-or cartilage-like cell types (which are not further discussed here) following the same strategy as for the brain cells. We identified a distinct cluster of lung pericytes based on the presence of the canonical pericyte markers Pdgfrb, Cspg4, and Des and the simultaneous absence of SMC markers (Acta2 and Tagln) and fibroblast markers (Pdgfra, Lum and Dcn) (Extended Data Fig. 9b ). In addition, By extending the comparison to all genes, we identified substantial organotypic differences between brain and lung pericytes. For example, the commonly used marker for brain pericytes CD13 (encoded by Anpep) was not expressed by lung pericytes (Extended Data Fig. 9b ). Differences were also apparent through t-distributed stochastic neighbour embedding (t-SNE) analysis, which clearly separated brain and lung pericytes (Extended Data Fig. 9c ). A noticeable difference between brain and lung pericytes involved the SLC, ABC and ATP transporters, many of which (for example, Atp13a5) were abundant in brain pericytes (Extended Data Fig. 9d , e) but low or absent in lung pericytes (Fig. 4b) . The gene ontology (GO) term 'transmembrane transporter activity' was associated with genes that were overexpressed in brain pericytes when compared with lung pericytes (data not shown). Beyond providing evidence for organotypic specialization of pericytes, this observation suggests that brain pericytes are directly involved in molecular transport at the BBB.
Perivascular fibroblast-like cells
We found a population of Pdgfra-driven histone 2B-fused GFP (H2BGFP)-positive cells (hereinafter referred to as brain fibroblast-like cells) in close association with arteries, arterioles, veins and venules. These cells were non-overlapping with endothelial and mural cells and were located between the vessel wall and the AQP4-and GFAPpositive astrocyte end-feet ( 4,000 brain and the cerebrospinal fluid 25 . In contrast to mural cells, which are firmly embedded in the basement membrane, the fibroblast-like cells were only loosely adhered to the vessels and required relaxed digestion conditions to remain attached. Both BackSPIN and t-SNE analysis provided distinct clustering of brain fibroblast-like cells from all other vascular cell types (Fig. 1b and Extended Data Figs 1j, k, 9c) . Subtypes of these cells could be distinguished (FB1 and FB2), but are not discussed further here.
We assigned the 50 most specific markers for the FB, PC, a/aaSMC and EC clusters by correlation with Pdgfra, Abcc9, Acta2 and Cldn5, respectively (Extended Data Fig. 11a) . Many of the FB-specific transcripts encode structural components, modifiers or receptors for the extracellular matrix (ECM) (Extended Data Fig. 11b Fig. 11c, d ), collagen-modifying enzymes (for example, lysyl oxidases) and proteins involved in collagen fibril spacing, such as the small leucin-rich proteoglycans lumican (Lum) and decorin (Dcn) (Extended Data Fig. 11e, f) . GO terms associated with ECM, collagen, cell adhesion and migration were significantly (P < 1 × 10 −10 ) associated with the fibroblast-like cells; the other vascular cell types (PC, a/aaSMC and EC) instead showed enrichment for terms associated with cation transporter, muscle contraction and cell junction, respectively (Extended Data Fig. 11a ). Of the 50 brain FB-specific transcripts, 45 were also expressed by lung fibroblasts (Extended Data Fig. 11b ) pointing to a strong resemblance between these cells. However, the brain FB cells also expressed the endothelial marker Cdh5, the epithelial marker Lama1 and the mesothelial marker Efemp1, suggesting that they may have mixed mesenchymal and epithelial characteristics (Extended Data Fig. 11b and http://betsholtzlab.org/VascularSingleCells/database. html).
The specific expression of Lama1 allowed us to further study the anatomical distribution of brain fibroblasts. We found that LAMA1 antibodies decorate a continuous ECM sleeve located around arteries, arterioles, venules and veins, but not around capillaries, matching the perivascular distribution of Pdgfra-H2BGFP-positive cells (Fig. 5c and Extended Data Fig. 10c ).
Discussion
Here, we have provided molecular definitions of the principal classes of brain vascular cells through their genome-wide quantitative transcriptomes. We have also unravelled a molecular blueprint for zonation along the arteriovenous axis, and illustrated how endothelial and mural cells differ in this regard. Single-cell analysis was crucial for this information, which would have been lost in the average profiles provided through bulk RNA sequencing. The examples of transcription factors and transporters illustrate that the zonal distribution of any class of proteins can now be assessed at http://betsholtzlab.org/ VascularSingleCells/database.html. Our data also expand by around 100-fold the number of brain arteriovenous markers and pinpoint several arteriovenous landmarks that can be applied for vessel type identification in the brain. The cellular correlates of these landmarks are schematically summarized in Extended Data Fig. 6a .
Despite their functional importance and implication in a number of processes, pericytes remain poorly defined. [33] [34] [35] . The molecular definition of brain and lung pericytes reveals several new markers common for these two types of pericyte, but also an extensive organotypicity 36 . It should be remembered that the cell type definitions presented herein are applicable only to the normal adult mouse brain and lung, and that heterogeneity may be expected in development and disease, topics that can now be systematically addressed.
The molecular identification of fibroblast-like cells and elucidation of their anatomical location provide insights into the cellular anatomy of the brain vasculature. The expression of markers on these cells matches that of scar-forming cells in spinal cord injury 32,33 and recently described perivascular cells with proposed pericyte-like characteristics 18 . Our analysis instead reveals a resemblance to lung fibroblasts combined with the expression of certain epithelial, endothelial and mesothelial markers. The location of these cells within a perivascular space that has been implicated in the glymphatic system 37 warrants investigations into their involvement in brain fluid homeostasis.
While it will now be important to map the transcriptional changes that occur in vascular cells during disease, the data available herein and at http://betsholtzlab.org/VascularSingleCells/database.html may already provide clues to cell types involved in brain diseases that feature neurovascular dysfunction, such as Alzheimer's disease, certain monogenic neurological diseases and brain tumours. For these conditions, our data pinpoint pericytes and fibroblast-like cells as common cellular culprits besides endothelial cells (Extended Data Fig. 12 ), suggesting that cellular involvement in neurovascular pathologies is more complex than anticipated.
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). All mice were backcrossed on a C57BL6/J genetic background. Adult mice of either sex aged 10-19 weeks were used for all experiments. To generate the brain single-cell dataset we used the following mice: two mice of Pdgfrb-GFP;Cspg4-DsRed genotype, two mice of Cldn5-GFP;Cspg4-DsRed genotype, three mice of Pdgfra-H2BGFP genotype and three mice of SM22-Cre;R26-stop-tdTomato genotype. The lung single-cell dataset was generated from two Pdgfrb-GFP;Cspg4-DsRed mice, one Pdgfrb-GFP mouse and two Cldn5-GFP;Cspg4-DsRed mice. No statistical method was used to predetermine sample size. Animal experiment protocols were approved by the Uppsala Ethical Committee on Animal Research (permit numbers C224/12 and C115/15) and the Stockholm North Animal Ethics committee (Stockholms Norra Djurförsöksetiska Nämnd), permit N150/14. All animal experiments were carried out in accordance with their guidelines. Single cell isolation. The mice were killed by cervical dislocation, after which the brain was surgically removed and placed in ice-cold Dulbecco's modified Eagle's medium (DMEM, ThermoFisher Scientific) supplemented with penicillin/ streptomycin (ThermoFisher Scientific cat# 15140122). For all brain single-cell isolations, the entire brain, without olfactory bulbs, was used. Brain cell isolation. Brain mural cells (Pdgfrb-GFP/Cspg4-DsRed positive) and brain endothelial cells (Cldn5-GFP positive) were isolated with a modified version of the Neural Tissue Dissociation kit (P) (Myltenyi Biotec, Cat# 130-092-628). The brain tissue was mechanically and enzymatically dissociated before removal of myelin, which is detrimental for efficient sorting. Myelin was removed using magnetic bead separation (Myelin Removal Beads II, Myltenyi Biotec, cat# 130-096-733) according to the manufacturer's protocol. The final cell pellet was resuspended in 500-1,000 μ l FACS buffer (DMEM without phenol red (ThermoFisher Scientific), supplemented with 2% fetal bovine serum (FBS, ThermoFisher Scientific). For a detailed protocol, see Protocol Exchange 40 . Perivascular single-cell isolation. In order to enrich for perivascular Pdgfra-H2BGFP-positive cells from the brain before sorting, the brain vasculature was isolated with Dynabeads (Dynabeads Sheep Anti-Rat IgG, ThermoFisher Scientific, cat# 11035) coupled to rat anti-mouse CD31 (BD Pharmingen, cat# 553370) before the tissue was digested into single cells. A detailed description of the protocol can be found in Protocol Exchange 41 . After microvascular isolation (and before single-cell dissociation), the microvascular fragments were microscopically inspected to verify the presence of microvascular fragments with Pdgfra-H2BGFP-positive cells still attached (Leica Inverted microscope, Leica Microsystems). The final pellet was resuspended in 500 μ l FACS buffer. Lung single-cell isolation. To isolate single lung cells, mice were killed as described above and the lungs were removed. Single cells were isolated using a combination of mechanical and enzymatic dissociation. The primary enzymes used were collagenase type 2 (ThermoFisher Scientific, cat#C6885) and enzymes 3 and 4 from the Neural Tissue Dissociation kit (P), described above. For detailed instructions, see Protocol Exchange 42 . The obtained cell pellet was resuspended in 500 μ l FACS buffer.
Fluorescence-activated cell sorting (FACS).
Prior to FACS, all single-cell suspensions were strained over a 35-μ m mesh (Cell-Strainer capped tubes, Corning, cat# 352235). Note that FACS was used merely to enrich and capture the cells of interest, and not for identification. For this reason, all FACS settings were set very broadly to avoid FACS-induced bias. All cell suspensions were sorted on a BD FACSAria III (BD Biosciences) at the BioVis core facility of the Department of Immunology, Genetics and Pathology (IGP), Uppsala University. A 100-μ m nozzle and 20-psi PBS sheet fluid pressure were used. First, cells were selected using forward scatter area/side scatter area (FSC-A/SSC-A, linear scale) with a very wide gate setting, to accommodate all possible cell sizes and morphologies with as little bias as possible. For the same reason, no doublet discrimination was implemented, since this might favour the enrichment of cells with a uniform, round morphology. Next, fluorescent events based on the parent FSC-A/SSC-A gate were selected: GFP was excited with a 488-nm laser, and emission was detected through a 530/30 filter, while DsRed or TdTomato was exited with a 561-nm laser and emission detected through a 582/15 filter. As controls, wild-type C57Bl6/J mice lacking fluorescent reporters were used. Single cells, positive for GFP alone (Cldn5-GFP;Cspg4-DsRed and Pdgfra-H2BGFP mice), positive for both GFP and DsRed (Pdgfrb-GFP;Cspg4-DsRed mice) or positive for TdTomato (SM22-Cre;R26-stop-tdTomato) were sorted straight into 2.3 μ l lysis buffer pre-dispensed into a 384-well plate. For all sorts, the single cell mask was used. Prior to cell collection, special care was taken to ensure that cells were sorted directly into the lysis buffer without touching the well wall:
1) The waste collection bin was moved to the right as much as possible (while still catching the waste stream) so that the sort angle could be reduced to 8-10 units. 2) Sort accuracy was optimized by sorting 100 BD FACS Accudrop beads (BD Biosciences) per well on the lid of an empty 384-well plate, followed by visual inspection of sort drop location. If needed, the plate position was recalibrated to ensure the best sort accuracy. All FACS data were analysed using FlowJo v10.1 (FlowJo, LLC) and FACSDiva v8.0.2 (BD Biosciences). Smart-seq2 library prep and sequencing. Single-cell libraries were prepared as described previously 43 , with the following specifications: 0.0025 μ l of a 1:40,000 diluted ERCC spike-in concentration stock was used, and all cDNA was amplified with 22 PCR cycles before QC control with a Bioanalyzer (Agilent Biosystems). The libraries were sequenced on a HiSeq2500 at the National Genomics Infrastructure (NGI), Science for Life Laboratory, Sweden, with single 50-bp reads (dual indexing reads). All single-cell transcriptome data were generated at the Eukaryotic Singlecell Genomics facility at Science for Life Laboratory in Stockholm, Sweden. Antibodies and immunofluorescence staining. Mice under full anaesthesia were euthanized by transcardial perfusion with Hanks balanced salt solution (HBSS, GIBCO, cat# 14025092) followed by 4% buffered formaldehyde (Histolab, cat# 02178). Brains were removed and postfixed in 4% buffered formaldehyde for 4 h (or overnight) at 4 °C. Sagittal and coronal vibratome sections (50-150 μ m) were incubated in blocking/permeabilization solution (1% bovine serum albumin, 2.5% donkey serum, 0.5% Triton X-100 in PBS) overnight at 4 °C, followed by incubation in primary antibody solution for two nights at 4 °C, and subsequently in secondary antibody solution, overnight at 4 °C. Sections were mounted in ProLong Gold Antifade mountant (Life Technologies, cat# P36930). Images were taken with a Leica TCS SP8 confocal microscope (Leica Microsystems). An overview of the antibodies used is presented in Supplementary Information 38 were used to visualize Bmx expression in mouse brains with X-gal staining. First, the mice were perfused with PBS, followed by 4% PFA. Dissected brains were postfixed in 4% PFA for 60 min at 4 °C, washed and cut with a vibratome into 50-μ m-thick coronal sections. The brain sections were washed 3 times for 20 min with 0.1 M phosphate buffer containing 0.02% NP-40, 0.01% deoxycholate and 2 mM MgCl 2 . Next, the sections were incubated in staining solution containing 1 mg/ml X-gal, 5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 6 , 2 mM MgCl 2 , 0.02% NP-40, 0.01% deoxycholate and 0.1 M phosphate buffer for 21 h at 37 °C. The brain slices were washed extensively with PBS, blocked for 7 h at 4 °C in 1% BSA, 0.5% Triton X-100 in PBS, before adding primary antibody solution. The rest of the protocol was continued as described in the previous paragraph. RNA in situ hybridization. RNA in situ hybridization was performed using the RNAscope technology (Advanced Cell Diagnostics) following the manufacturer's protocol with minor modifications. In brief, fresh-frozen brains were cut into 20-μ m sagittal sections and mounted on SuperFrost Plus glass slides. After dehydration, slides were subjected to RNAscope Multiplex Fluorescent Assay. First, slides were incubated in Pretreat 3 for 30 min at room temperature. After that, RNAscope probes, Gkn3-C1, Slc38a5-C1, Acta2-C2 and Pecam1-C3, were hybridized for 2 h at 40 °C and the remainder of the assay protocol was implemented. The fluorescent signal emanating from RNA probes was visualized and captured using a Leica TCS SP8 confocal microscope (Leica Microsystems). All in situ hybridization images presented are 2D maximum intensity projections of ~ 4-μ m z-stacks obtained from cerebral cortex. Quantifications. Vessel diameter. Vessel diameter and length were measured in 75-150-μ m vibratome brain sections obtained from C57Bl6/J and Pdgfra-H2BGFP mice. Four to seven areas from cerebral cortex in three animals were analysed. Blood vessels were visualized by CD31 and perivascular cells by TAGLN, ACTA2, CNN1 or LAMA1 immunostaining. Z-stacks were captured using a Leica TCS SP8 confocal microscope (Leica Microsystems). Vessel diameter and length were measured manually using Leica Application Suite 3.2.1.9702 software. Endothelial zonation. Quantifications were performed on 8-bit confocal images obtained from samples visualized by immunohistochemistry or RNA in situ hybridization (as described above). For quantifying immunohistochemical images, the ROI manager of the Fiji software was used to mark and measure the mean grey values of the vascular segments of interest (vein, venule, capillary, arteriole, and artery). The sum of all mean grey values per field was set as 100% and the percentage of mean grey values per vascular segment was calculated for each image. A Kruskal-Wallis test with Dunn's multiple comparison test was performed to demonstrate statistically significant differences in protein expression along the arteriovenous axis. The data were presented using GraphPad Prism 6 software. For
Article reSeArcH the quantification of RNA in situ hybridization images, the ROI manager of the Fiji software was used to mark and measure the mean grey values of the vascular segments of interest (vein, artery) and presented using GraphPad Prism 6 software. An unpaired t-test with Welsh correction was used to demonstrate statistical significance in gene expression between arteries and veins. Zebrafish. BAC recombination. The pRedET plasmid (GeneBridge) was introduced into Escherichia coli containing a CH211-58C15 BAC clone encoding the abcc9 gene (BacPAC Resources) by electroporation (1,800 V, 25 μ F, 200 Ω ). Next, two Tol2 long terminal repeats in opposing directions flanking an ampicillin resistance cassette were amplified by PCR using Tol2_amp as a template and were inserted into the BAC vector backbone. Then, cDNA encoding IRES-Gal4FF together with a kanamycin resistance cassette (IRES_Gal4FF_KanR) were amplified by PCR using pCS2_mCherry_IRES_Gal4FF_KanR plasmid as a template and inserted at the C terminus of the abcc9 gene (ENSDART00000079987.4). Primers to amplify the IRES_Gal4FF_KanR PCR product were as follows:
5′ -atggagcaggaggacggcctgtttgcatcttttgtcaaagccgacatgtaGATGAGTAAC TTGTACAAAG-3′ and 5′ -aaaatggcttttattgatctgttaaggccaaaagtggtgtaaagtgggga TCAGAAGAACTCGTCAAGAAGGCG-3′ (lowercase, homology arm to BAC vector; uppercase, primer binding site to the template plasmid). Plasmids. The Tol2_amp and pCS2_Gal4FF_KanR vector for BAC recombination were kindly provided by S. Schulte-Merker (University of Münster, Germany). To construct the plasmid encoding pCS2-mCherry_IRES_Gal4FF_KanR, the pCS2_ Gal4FF_KnaR vector had the following cDNA inserted: a PCR-amplified IRES using p3E-IRES-nlsEGFP in Tol2Kit 44 as a template and pmCherry-C1 (Clontech, Takara Bio Inc.). Transgenic and mutant zebrafish lines. The Tol2 transposase mRNA was transcribed in vitro with SP6 RNA polymerase from a NotI-linearized pCS-TP vector using the mMESSAGE mMACHINE kit (Ambion). To generate the TgBAC(abcc9: Gal4FF) ncv34 zebrafish line, the corresponding BAC DNA (described above) was co-injected with Tol2 transposase mRNA into one-cell stage embryos of AB wild type. Tg(UAS:GFP) and Tg(UAS:RFP) fish lines 45 were kindly provided by K. Kawakami (National Institute of Genetics, Japan). Tg(fli1a:Myr-mCher ry) ncv1 ,TgBAC(pdgfrb:Gal4FF) ncv and TgBAC(tagln:EGFP) ncv25 fish lines were previously described [44] [45] [46] [47] . Tg(kdrl:DsRed2) pd27 was obtained from zebrafish international resource centre 48 . Throughout the text, all transgenic lines used in this study are simply described without their line numbers. For example, TgBAC(abcc9: Gal4FF) ncv34 is abbreviated to TgBAC(abcc9:Gal4FF). Raw sequencing data processing. The samples were analysed by first demultiplexing the fastq files with deindexer (https://github.com/ws6/deindexer) using the Nextera index adapters and the 384-well layout. Individual fastq files were then mapped to the mouse reference genome (mm10) using the STAR aligner version 2.4.2a 49 . Two-pass alignment was chosen to have improved performance of de novo splice junction reads, filtered for only uniquely mapping reads. The expression values were computed per gene as described 50 , using uniquely aligned reads and correcting for the uniquely alignable positions using MULTo 51 . The count matrix shows the individual counts aligning to each gene per cell. Cells with total aligned reads less than 100,000 were removed, and also outlier cells with maximum Spearman's correlation with other cells less than 0.3 were filtered out. After quality filtering, 3,186 brain cells and 1,504 lung cells were selected for further analysis. In order to compare the gene expression counts between different cells, the total gene counts for each cell were normalized to 500,000. Genes that were identified in less than three cells in the brain or lung were filtered out in the respective tissue analysis. Cell type classification. In order to classify the cells into different cell types, the BackSPIN algorithm was used 17 . BackSPIN was run with the following parameters: -d 6 -g 3 -c 5, splitting the cells into six levels. The 3,186 brain cells were divided into 38 groups. BackSPIN iteratively splits the cells and the genes (assigning a proportion of the genes to each new branch), thus clusters that receive many genes expressed at background/noise levels continue to split at subsequent levels based on noise. Other clusters may instead stop splitting prematurely, because genes that were differentially expressed within the cluster had been assigned to another branch. The pericyte/vSMC cluster stopped splitting on the second level, because the SMC genes distinguishing pericytes from vSMC in this cluster had been assigned to another node which contained the aa/aSMCs and therefore expressed higher levels of SMC genes. For this reason, the pericyte cluster was re-run using BackSPIN including all genes, which led to clear separation of the pericytes and the vSMC. For other clusters, no other differences were found above noise by manual reading of all barplots, or, when such differences were found (such as in the oligodendrocyte and microglia clusters), they contained too few cells and were left without further splitting, or merged into an ancestral node. In the end, the 3,186 brain cells were classified into 15 clusters. Among them, we identified a small astrocyte cluster of six cells. To achieve a better representation of brain vessel-associated astrocyte gene expression profiles for comparison with the other vessel-associated cell types, we added a set of 250 pure brain astrocyte cells that were obtained in a parallel study in which cells were sorted from SM22-Cre;R26-stop-tdTomato mice. Although this project was focused on smooth muscle cells, it fortuitously also generated a significant number of Aqp4-positive astrocytes, apparently caused by ectopic reporter activation in this cell type. The full dataset, which will be published separately, was obtained and analysed using the same methodologies as described herein, including mouse genetic background. The 1,504 lung cells were divided into 46 groups by BackSPIN. After manual inspection, they were classified into 17 clusters. In order to better visualize expression differences between clusters, we created bar plots using average read count from all cells (even those with no expression). Differential gene expression analysis. After cell type classification, the edgeR method was applied to compare the gene expression differences between different clusters 52 . In the pairwise comparisons of the three brain endothelial cell clusters (vEC, capEC and aEC), 1,798 genes were identified as being significantly differentially expressed (selection criteria: > twofold difference, P < 0.05 and represented in ≥ 10 cells in these three clusters). One-way ANOVA analysis was also applied to the 1,798 genes to compare their differential expression among the three brain endothelial cell clusters. Multiple test correction was implemented using the false discovery rate (FDR) method 53 in R. The top 500 genes with the smallest ANOVA P values were selected for further analysis in Fig. 2b . In the pairwise comparisons of the four brain mural cell clusters (aSMC, aaSMC, vSMC and PC), 1,708 genes were identified (selection criteria: > twofold difference, P < 0.05 and represented in > 20% cells in the corresponding clusters). t-SNE and heat map visualization. The 2D t-SNE visualization was performed using the t-distributed stochastic neighbour embedding method for R software with default parameters (R tsne package version 0.1-3). The normalized gene count matrix for all genes was used as input. To visualize the gene expression level in cells on t-SNE map, the plotexptsne function in RaceID package (version 1.0) was adapted 54 . The heat map visualization was performed using the pheatmap packages (version 1.0.8) in R. The genes were clustered using Pearson correlation distance and the ward.D2 cluster method was used to build the cluster dendrogram. Zonation analysis. The cells included in the zonation analysis were first sorted using the SPIN method, and then a smooth curve was fitted to the gene expression counts for each gene by loess function using the default parameters in R software. Transcription factor and transporter analysis. To identify the transcription factors in the mural cells and endothelial cells, we made use of a previously reported list of 1,507 transcription factors on the mouse genome 55 . To identify transporter related genes, we made use of gene ontology annotation (www.geneontology.org) and all genes annotated as transporter activity (GO:0005215) or its child terms were extracted. Gene ontology (GO) analysis. The GO analysis was performed using GOstat packages (version 2.40.0) in R software, with the associated annotation packages GO.db (version 3.4.0) and org.Mm.eg.db (version 3.4.0). Data availability. All sequence data used in this study have been deposited in the NCBI Gene Expression Omnibus database and are accessible through accession numbers GSE98816, GSE99058 and GSE99235. The searchable database is freely available at http://betsholtzlab.org/VascularSingleCells/database.html. Figure 1 | Cell sorting, clustering and annotation and  control for batch effects. a, Representative FACS plots for cell sorts from the various transgenic reporter lines and C57Bl6 controls. For all sorts, the cells were first roughly selected with a broad gate based on forward scatter (FSC)/side scatter (SSC). This initial gate was then used as parent gate for cell selection based upon the relevant fluorescent signal of the different reporters. No additional gating was included, and the cut-off between positive and negative fluorescent signals was assessed using non-fluorescent C57Bl6 mice. b, BackSPIN analysis of cells obtained from Cldn5-GFP, Pdgfrb-GFP;Cspg4-DsRed and Pdgfra-H2BGFP mice. The BackSPIN algorithm splits the cells stepwise and also assigns genes uniquely to one branch with each split. At split level 1, all endothelial cells were assigned to the right branch, whereas all other cell types were assigned to the left branch. BackSPIN continues to split for as long as it recognizes expression heterogeneity among the genes assigned to that cluster leading to that some clusters continue to split dichotomously, whereas other clusters stop splitting at a certain level. Cluster 0, containing pericytes, stopped splitting at level 2. Any level can be arbitrarily chosen for cluster annotation; we chose level 6, at which 38 clusters had formed. c, The expression of the housekeeping gene Actb across the 38 clusters in b is illustrated as a bar plot, where each bar represents one cell (~ 3,500 in total). A gross annotation of the 38 clusters based on cell class-specific marker expression (see Fig. 1 for examples) is depicted below the bar plot. d, Abbreviations for the cell types. e, A reanalysis of cluster 0 from b, c by BackSPIN using all genes generated dichotomous splits over six levels, showing that this cluster had stopped spitting in b because differentially expressed genes had been assigned to other branches. f, In the 64 clusters generated in e, expression of SMC markers, such as Acta2, was found in the right-most clusters. These clusters were subsequently identified as vSMC. g, The same tree as in b, with cluster 0 split in to PC and vSMC at level 7. Some clusters at level 6 appeared similar and were consolidated to a higher node, as indicated by the red boxes. h, The resulting simplified tree, which also shows the final cell type annotation that is used to display the data throughout the paper and at http://betsholtzlab.org/ VascularSingleCells/database.html. i, An excerpt from the database illustrates the expression of Actb across the cell types. Cluster 1 at level 6 in b, g contained four cells displaying astrocyte markers; this cluster was considered too small and was removed from the dataset. Astrocytes were instead obtained from Tagln-Cre;R26-stop-tdTomato mice and added to the dataset for comparison. j, The position of the major cell classes in a t-SNE diagram, as annotated using marker expression. k, Representative marker distribution for the cell classes in t-SNE diagrams. l, m, Control for batch effects. Neither t-SNE nor SPIN showed any clustering bias related to mouse individual or experimental repetitions. l, The distribution of 1,385 mural cells colour-coded for their mouse origin in t-SNE (top) and SPIN diagrams (bottom: an arbitrarily chosen pan-mural cell marker Myl9 is shown). m, The distribution of 1,100 endothelial cells in t-SNE (top) and SPIN (bottom: the zonated endothelial-specific transcript Mfsd2a is shown).
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Extended Data Figure 2 | Average expression and cell sub-types. a, Average level of expression in the different cell types of the markers shown in Fig. 1b. A key to the cell type abbreviations is provided in Extended Data Fig. 1 . Diagrams of the same type for all genes are available at http://betsholtzlab.org/VascularSingleCells/database.html. b, Microglial subtypes. The microglial markers Cx3cr1 and Mrc1 both mark the microglial (MG) cluster, as shown in the bar-plot diagrams (left) and in the average diagram (middle). Right: insets show magnified views of bar-plots indicated by black arrows. Of the 14 microglial cells present in the MG cluster, the eight left-most cells express Cx3cr1 but not Mrc1, whereas the six right-most cells show the reverse pattern. Since Cx3cr1 is a marker for interstitial microglia and Mrc1 is a marker for perivascular microglia and macrophages, this pattern suggests that both these subtypes of microglia are present in the MG cluster, and that they are separated by SPIN to opposite ends of the cluster. c, Oligodendrocyte (OL) subtypes. The marker for differentiating oligodendrocytes Opalin is expressed in the 150 right-most out of the 155 cells in the OL cluster, whereas the oligodendrocyte precursor cell (OPC) marker Pdgfra is expressed only in the five left-most cells (note that Pdgfra is also highly expressed in the FB1 and FB2 clusters). Since the OLs were sorted from an initial preparation of brain vascular fragments (in turn isolated using anti-PECAM1 coated magnetic beads) from Pdgfra-H2BGFP mice, the Opalin-positive cells appear physically associated with blood vessels. As for the microglial subtypes, SPIN separates the two oligodendrocyte lineage cell subtypes to opposite ends of the cluster. d, Subtypes of fibroblast-like cells. Numerous markers distinguish cells in the FB1 and FB2 clusters. Here we show the examples Col15a1, which is expressed preferentially in FB1 cells, and Itga8, which is expressed preferentially in FB2 cells.
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Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed).
n/a Confirmed The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons
The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars
See the web collection on statistics for biologists for further resources and guidance.
Software
Policy information about availability of computer code
Describe the software used to analyze the data in this study.
For analyse the data in this study, we used all academical softwares. For clustering the cells, we used BackSPIN software (https://github.com/linnarsson-lab/ BackSPIN). To compare the gene expression difference between different clusters, we used R edgeR software (R version 3.3.2, edgeR version 3.16.4). The 2D tSNE visualization was performed using R tsne package (version 0.1-3). The heat map visualization was performed using R pheatmap packages (version 1.0.8). FACS plots were analyzed with FlowJo v10.1 and FACSDiva v8.0.2. Image acquisition and adjustment was done with Leica Application Suite 3.2.1.9702, Fiji v1.51s and PhotoShop CC 2015, while the former two softwares were also used for quantifications. The GO analysis was performed using GOstat packages (version 2.40.0) in R software, with the associated annotation packages GO.db (version 3.4.0) and org.Mm.eg.db (version 3.4.0).
For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for providing algorithms and software for publication provides further information on this topic.
Materials and reagents
Policy information about availability of materials
Materials availability
Indicate whether there are restrictions on availability of unique materials or if these materials are only available for distribution by a for-profit company.
No unique materials were used
